A large number of mutations in the human PLP1 gene lead to abnormal myelination and oligodendrocyte death in PelizaeusMerzbacher disease (PMD). Here we show that a major subgroup of PMD mutations that map into the extracellular loop region of PLP/DM20 leads to the failure of oligodendrocytes to form the correct intramolecular disulfide bridges. This leads to abnormal protein cross-links and endoplasmic reticulum retention and activates the unfolded protein response. Importantly, surface expression of mutant PLP/DM20 can be restored and the unfolded protein response can be reverted by the removal of two cysteines. Thus, covalent protein cross-links emerge as a cause, rather than as a consequence, of endoplasmic reticulum retention.
A large number of mutations in the human PLP1 gene lead to abnormal myelination and oligodendrocyte death in PelizaeusMerzbacher disease (PMD). Here we show that a major subgroup of PMD mutations that map into the extracellular loop region of PLP/DM20 leads to the failure of oligodendrocytes to form the correct intramolecular disulfide bridges. This leads to abnormal protein cross-links and endoplasmic reticulum retention and activates the unfolded protein response. Importantly, surface expression of mutant PLP/DM20 can be restored and the unfolded protein response can be reverted by the removal of two cysteines. Thus, covalent protein cross-links emerge as a cause, rather than as a consequence, of endoplasmic reticulum retention.
cysteine bridge ͉ membrane protein misfolding ͉ proteolipid protein ͉ quality control ͉ dysmyelination I n the nervous system, integral membrane proteins, such as receptors, channels, or adhesion proteins, have been associated with a wide spectrum of neurodegenerative disorders. Some multimeric proteins, including ion channels and connexins, can only exit the endoplasmic reticulum (ER) when properly assembled (1) . However, genotype-phenotype correlations remain difficult. Specifically, substitutions in extracellular loop regions rarely show obvious relationships to the presumed function of the protein. A better understanding of the essential features of misfolded proteins that are retained in the ER (2, 3) is required to develop therapeutic strategies.
Misfolded proteins in the ER can induce the unfolded protein response (UPR), which includes ER growth and transcriptional activation of genes encoding chaperones (4, 5) . In mammalian cells, the UPR can also trigger apoptosis (reviewed in refs. 6 and 7). Not surprisingly, in many diseases abnormal cell death has been associated with mutant membrane proteins.
We have studied the molecular consequences of missense mutations in the PLP1 gene, encoding the major integral membrane protein of CNS myelin. Numerous PLP1 missense mutations cause ER retention and oligodendrocyte death in Pelizaeus-Merzbacher disease (PMD), whereas null mutations of the same gene are well tolerated and allow myelination (8, 9) . (For a comprehensive list of PLP1 mutations, see www.med.wayne.edu/neurology/ clinicalprograms/pelizaeus-merzbacher/plp.html.)
PLP and its splice isoform, DM20, are tetraspanins with two extracellular loop regions, EC1 and EC2, that interact in vivo with the opposing membrane in myelin (10, 11) . Both the N and C termini of PLP protrude into the cytosol (Fig. 1A) . The location of two disulfide bridges within EC2 is known (C  183 -C   227 and C 200 -C 219 ) (12) . Because many PLP1 missense mutations lead to oligodendrocyte death (13) , it is difficult to dissect the subcellular pathomechanism in vivo. However, overexpression in nonglial cells has demonstrated ER retention of mutant PLP/DM20 and its interaction with chaperones (14) (15) (16) (17) , providing indirect evidence of misfolding also in the absence of structural data. For a specific substitution in transmembrane domain 4 of PLP A242V , it has been demonstrated that premature oligomerization causes ER retention (18) . For the majority of PLP1 mutations, which involve the extracellular loop region ( Fig. 1 A) , the disease mechanism is unclear.
Results and Discussion
In the search for an essential feature of membrane protein misfolding, we used the oligodendroglial cell line oli-neu (19) , in which endogeneous proteolipids are practically undetectable by immunostaining (data not shown). We studied PLP with a myc epitope or fused to enhanced green fluorescent protein (EGFP) separated by a flexible linker ( Fig. 1 A) . In all these experiments, the wild-type protein PLP WT , including tagged PLP WT isoforms, passed the ''quality control'' of the ER, exhibited surface expression within 8 h of transfection [see supporting information (SI) Movie 1] , and accumulated in LAMP1-positive late endosomes within 24 h (Fig. 1B, SI Fig. 5A , and SI Movie 2). In contrast, PLP mutants were retained in the ER of oligodendrocytes ( We hypothesized that in PMD cysteine residues in EC2 fail to form normal disulfide bridges as an essential feature of proteolipid misfolding and ER retention. First, we analyzed corresponding cysteine-to-serine and cysteine-to-alanine mutants ( Fig. 1B and SI Fig. 5 ). PLP lacking the ''inner'' bridge C 183 -C 227 was strictly retained in the ER, as indicated by a reticular immunostaining of cells that also lacked visible processes (Fig.  1B Right and SI Fig. 5B) . Thus, the membrane-proximal bridge is essential to passing the quality control system of the ER. Unexpectedly, PLP lacking the ''outer'' bridge, C 200 -C 219 , was readily detectable on the cell surface (Fig. 1B Left) , very similar to wild-type PLP. These oli-neu cells also exhibited a ''mature'' multipolar morphology with numerous filopodial processes (magnified in Fig. 1B Insets) . Surface expression was confirmed by live staining with the monoclonal antibody 3F4 (20) against an extracellular PLP epitope ( Fig. 1 A and data not shown) . As expected, a quadruple mutant (PLP lacking all four cysteines) was strictly retained in the ER (data not shown).
To biochemically confirm the presence (or absence) of PLP at the cell surface, we transfected COS7 cells and biotinylated all surface proteins before harvesting and precipitated the marked proteins with streptavidin-conjugated agarose beads. Fig. 5 A and C-E) , it remained a monoclonal antibody O10-negative misfolded mutant (SI Fig. 6C ). The absence of the conformation-sensitive O10 epitope (compare SI Fig. 6 A and C) in surface-expressed PLP cysteine mutants demonstrates that PLP misfolding and ER retention can, in principle, be uncoupled.
Although the outer disulfide bridge in EC2 (C 200 -C 219 ) is dispensable for surface expression (Fig. 1B) , we found a natural PMD mutation (21) of one of these cysteines (PLP C219Y ) with obvious ER retention ( Fig. 2 A and B) . Because PLP C219S did not cause ER retention (Fig. 1B) , we reasoned that the unpaired C 200 would be sterically more exposed when a residue larger than serine (Y 219 ) caused local misfolding and that the exposed C
200
was the real cause of ER retention. Indeed, substituting C 200 in a double-mutant protein (PLP C200S,C219Y ) completely rescued the mutant phenotype ( Fig. 2 C and D) . Western blot analysis revealed that PLP C219Y (but not PLP WT or the rescued double mutant) formed dimers that were sensitive to reducing agents (Fig. 2E ). This strongly suggests that the retention of PLP C219Y is caused by cysteine (C 200 ) oxidation and abnormal cross-links (which we think prevent subsequent oligomerization). In these experiments, true dimers on gels could be distinguished from other adducts by coexpression of PLP-myc with PLP-EGFP and the emergence of novel hybrid bands (SI Fig. 7, lane 1) . Apparently, the inability to form normal cysteine bridges leads to alternative intermolecular cysteine oxidation products, as was recently hypothesized for mutant TNFR1 and collagen X chains (22, 23) . WT derived from primary oligodendrocytes or transfected oli-neu cells migrated on gels largely as monomers (26 kDa), under both reducing and nonreducing conditions (Fig. 2F) . In contrast, PMD-causing isoforms (PLP D202N , PLP R204G , and PLP C219Y ) formed dimers that, upon the addition of mercaptoethanol (ME), were reduced to monomers (Fig. 2G) . Again, when two cysteines were replaced (Cys 200,219 Ser), these PMD-causing mutations yielded predominantly monomeric PLP, also under nonreducing conditions ( Fig.  2G and data not shown). Thus, it is a feature of diverse PMD mutations in EC2 to cause alternative oxidation products and abnormal PLP dimers.
To prove the critical role of cysteines in PMD mutations, independent of the position of the primary substitution in EC2, we generated EGFP-tagged PLP isoforms with the following PMD-causing mutations: PLP D202N , PLP R204G , PLP V208D , ) (E) When oli-neu cell extracts were analyzed by semiquantitative Western blotting, mutant PLP C219Y revealed predominantly a dimer band, whereas PLP WT and the ''rescued '' PLP C200S,C219Y were monomeric. In the presence of ME, all forms were monomeric, demonstrating that dimerization of PLP C219Y can be attributed to cysteine oxidation. (F) SDS/PAGE of cellular extracts from primary oligodendrocytes (OL) and oli-neu cells with immunodetection of PLP/DM20. When analyzed under nonreducing conditions, endogenous PLP/DM20 expression in cultured oligodendrocytes (lane 1) led to a small percentage of dimerized PLP and DM20, detected by antibody 3F4. Absence of dimers in the presence of ME suggests that these are cysteine-mediated cross-links. Transfected oli-neu cells, expressing the slightly larger epitope-tagged PLP-myc (lane 2), also exhibited a small percentage of ME-sensitive PLP dimers, detected with antibody 3F4. Note that antibody 3F4 detects endogenous and induced PLP/DM20 expression. (G) Detection of mutant PLP as dimers in oli-neu glial cells, transfected to express the natural PMD mutant PLP D202N . By performing Western blot analysis of nonreducing gels (using antibody 3F4), Ͼ50% of total PLP was detectable in the 52-kDa putative dimeric form (lane 1). When PLP was further modified by the substitution of C 200 and C 219 for serine (see also Fig. 3 ), such dimer formation was largely prevented (lane 2) with most PLP being monomeric, similar to wild-type PLP (compare with F). All dimers were completely absent in the presence of 150 mM ME in the gels (lanes 4 and 5), demonstrating the involvement of cysteine cross-links. The same results were found for PLP R204G (data not shown). Note that endogenous DM20 (in mock-transfected cells) migrated exclusively as a monomer, even under nonreducing conditions (lanes 3 and 6).
Dhaunchak and Nave PNAS ͉ November 6, 2007 ͉ vol. 104 ͉ no. 45 ͉ 17815 PLP L209H , and PLP P215S . As expected, all mutant PLP isoforms were strictly retained in the ER of oli-neu cells (Fig. 3A Left) . However, when combined with the Cys 200,219 Ser substitution, these triple-mutant PLP isoforms showed a wild-type-like surface expression, as demonstrated by live staining with the monoclonal antibody 3F4 (Fig. 3 A Right and B) . Similarly, in COS7 cells and in primary oligodendrocytes, EGFP-tagged PLP isoforms with a PMD mutation accumulated in the endosomal compartment when rescued with the substitutions Cys 200,219 Ser (Fig. 4A and data not shown) .
The expression of misfolded PLP in mutant mice induces BIP and CHOP mRNA (24) . In agreement with these observations, we found elevated BIP and CHOP mRNA in transfected oli-neu cells expressing PLP D202N , which was reduced to control levels by removal of the two luminal cysteines (Fig. 4B) . ER resident Ire1 tranduces ER stress to the nucleus by splicing Xbp1 mRNA (25) . Spliced Xbp1 mRNA encodes for an activated transcription factor that enhances the transcription of ER chaperone genes. We exclusively detected spliced Xbp1 mRNA in transfected oli-neu cells expressing PLP D202N . However, this splice product disappeared upon removal of the luminal cysteines (Fig. 4C) .
Taken together, our data reveal that a subset of diseaseassociated point mutations in PLP1 converge mechanistically by perturbing the formation of an intramolecular disulfide bridge in PLP/DM20 in the lumen of the ER. This disulfide bridge itself is dispensable for normal PLP/DM20 folding and trafficking. Importantly, it is not the substituted amino acid itself that causes ER retention. However, when the unpaired cysteine becomes sterically exposed, it engages in intermolecular cross-links (with PLP itself or other proteins). Abnormal PLP adducts fail to oligomerize (i.e., are monoclonal antibody O10-negative) and become the primary cause of ER retention and, thus, oligodendrocyte dysfunction and death in vivo. ER retention of PLP may cause further abnormal protein cross-links.
Many studies have demonstrated a critical role of cysteines in protein retention that seems similar to our initial finding of PLP C219Y retention (Fig. 2 A) , which provides a plausible cause of PMD. Indeed, unpaired cysteines in secretory monomeric proteins, such as immunoglobulins, were proposed as physiological retention signals (26, 27) . Here, we went an important step further by showing for PMD that several noncysteine mutations, which were mechanistically not understood (such as PLP D202N , PLP R204G , and others), do not alter the number of paired cysteines but can still be explained by the cysteine pathway.
By performing a successful rescue experiment with compensatory mutations, we could also solve an inherent problem of earlier studies, namely, to distinguish between cause and effect of protein retention. Theoretically, chaperone-mediated PLP retention could be the primary cause of the cysteine-mediated cross-links, if we assume that once proteins are retained in the ER such cysteine-mediated cross-links occur nonspecifically (14) . Alternatively, specific mutations lead to PLP misfolding and the exposure of unpaired cysteines, which then become the Fig. 3 . PMD-causing PLP mutations can be rescued by the replacement of cysteines. (A) To distinguish PLP at the cell surface from PLP in intracellular compartments, oli-neu cells that express various EGFP-tagged mutant PLP isoforms (shown in green) were additionally live-stained for PLP by using monoclonal antibody 3F4 (shown in red; see Fig. 1 A) . Only merged images are shown. The same results were obtained with COS7 cells (data not shown). We analyzed various natural PMD-causing mutations that map into EC2 (PLP D202N , PLP R204G , PLP V208D , PLP L209H , and PLP P215S ) for cell-surface expression of PLP in the absence (Left) or the presence (Right) of additional point mutations that substituted C 200 and C 219 for serine. Remarkably, in the absence of C 200 and C 219 , the PMD-causing mutants were fully rescued from ER retention, and PLP was localized at the cell surface (labeled in red) and in the late endosomal/ lysosomal compartment (shown in green). In the presence of EC2 cysteines, all PMD mutants were negative for 3F4 immunoreactivity and confined to the ER. Note also the lack of glial processes. This reveals that the ER retention of many natural PMD-causing PLP mutants, which do not alter cysteine residues, instead require cysteines for ER retention. Grayscale images, shown on the right, better reveal the distribution of double-labeled PLP at the cell surface (3F4) and in intracellular compartments (GFP). primary cause of ER retention. Our study is in strong support of the second model, because we could release several of the known mutant PLP isoforms from ER retention by the removal of cysteines in triple-mutant proteins.
Our model is likely to apply to the subset of PMD cases associated with single substitutions in EC2, although not all of them can be rescued by removal of the dispensable cysteines [such as in L223P (data not shown)]. The mechanism is unlikely to explain the mutations that map into transmembrane domains and act by premature oligomerization (18) . However, given that many other membrane proteins, not only tetraspanins, harbor intramolecular disulfide bridges in extracellular loop regions and are sensitive to point mutations in these domains (for example, see ref. 28) , we suggest that the mechanism identified here might be relevant to a broader spectrum of diseases.
Materials and Methods
Molecular Cloning. Plasmid pPLP-EGFP was generated by fusing the EGFP to the C terminus of PLP. The product was cloned into vector pEGFP-N1 by using EcoRI/NotI sites. All site-directed mutants were generated by circular amplification of this plasmid with PFU Turbo DNA polymerase (Stratagene, La Jolla, CA), followed by DpnI digestion (New England Biolabs, Ipswich, MA) and transformation into Escherichia coli. Individual clones were analyzed by analytic restriction digestion and DNA sequence analysis. Detailed cloning protocols and all primer sequences are available on request. Protein Biotinylation. For biotinylation of cell membrane proteins, the following steps were performed on water/ice slurry (unless otherwise stated), and reagents were precooled to 4°C. Twentyfour hours after transfection, cells grown in poly(L-lysine)-coated six-well Falcon plates (Becton Dickinson, Franklin Lakes, NJ) were washed twice with Dulbecco's PBS (DPBS) (0.7 mM CaCl 2 /2.6 mM KCl/1.5 mM KH 2 PO 4 /0.5 mM MgCl 2 /136 mM NaCl/8.1 mM Na 2 HPO 4 ). Cells were then incubated for 30 seconds with 0.5 mg/ml N-hydroxysulfosuccinimide biotin (sulfo-NHS biotin) (Pierce, Rockford, IL) in DPBS (prepared freshly). Before lysing the cells in 400 l of lysis buffer 1 (50 mM Tris⅐Cl, pH 7.5/140 mM NaCl/1 mM EDTA/1 mM PMSF/1% Triton X-100/0.1% SDS) at room temperature (RT), unbound sulfo-NHS biotin was quenched by washing once with DPBS containing 25 mM lysine monohydrochloride. Lysates were cleared by centrifugation at 13,000 ϫ g for 20 min at RT and incubated with streptavidin-conjugated agarose beads for 2 h at RT. Agarose beads were washed five times with lysis buffer and once with PBS at RT. Beads were finally boiled with 4ϫ lithium dodecyl sulfate (LDS) loading buffer, separated on NuPAGE 4-12% Bis-Tris precasted gels (Invitrogen, Carlsbad, CA), and immunoblotted for PLP and actin by following standard procedures.
SDS/PAGE and Western Blot Analysis. Before lysing cells in 1ϫ SDS loading dye [25 mM Tris, pH 6.7/1% SDS, 5% (vol/vol) glycerol/ 0.005% bromophenol blue] or in lysis buffer 2 (25 mM Tris, pH 7.5/150 mM NaCl/1 mM EDTA/1% Triton X-100), free cysteines were blocked by incubation in 13.3 mM iodoacetamide in DPBS. Samples were separated on 12% (wt/vol) SDS gels by using Bio-Rad Mini-PROTEAN 3 chambers and transferred to PVDF membranes by using Invitrogen blotting chambers. Membranes were blocked for at least 1 h at RT with 5% (wt/vol) nonfat dry milk in Tris-buffered saline (TBS) (50 mM Tris base/150 mM NaCl, pH 7.4). Primary antibody (blocking buffer) was applied for at least 1 h at RT (or overnight at 4°C). After four washes in buffer (0.05% Tween 20 in TBS), HRP-conjugated secondary antibodies were applied for 1 h, followed by four washes with wash buffer. Membranes were exposed by using the Enhanced Chemiluminescence Detection kit (PerkinElmer, Wellesley, MA).
RNA Isolation and Quantitative RT-PCR. RNA was isolated from transfected cells by using the RNeasy Mini kit (Qiagen, Valencia, CA). Reverse transcription was performed on 1 g of total RNA by using random nanomers and SuperScript II reverse transcriptase (Invitrogen). Real-time PCR was performed according to the manufacturer's instructions by using a rapid thermal cycler system (LightCycler, Applied Biosystems, Foster City, CA). A master mixture containing SYBR green, Taq polymerase, nucleotides, and buffer was mixed with primers designed by using the Roche Applied Science universal probe library (http:// qpcr2.probefinder.com/input.jsp?organism ϭ mouse) and 20 ng of cDNA. Quantitative RT-PCR was performed in triplicates from pooled cDNA obtained from two independent transfec- tants. Actin and 18S mRNA were used as internal standards, and expression levels were normalized to PLP mRNA. As positive control, the UPR was induced by tunicamycin (2 g⅐ml Ϫ1 ). Cell Culture. COS7 cells were maintained on untreated tissue culture dishes (Falcon, Becton Dickinson) in DMEM and 10% (vol/vol) FBS. Cells were grown at 37°C in a 5% CO 2 atmosphere, and medium was changed every third day. For passaging cells, confluent plates were washed once with PBS, followed by a short trypsination with 0.05% trypsin EDTA (Sigma). oli-neu cells (kindly provided by J. Trotter, Johannes Gutenberg University, Mainz, Germany) were maintained in Sato medium containing 1-5% (vol/vol) horse serum on poly(L-lysine)-coated tissue culture dishes (Falcon, Becton Dickinson). Cells were grown at 37°C in a 5% CO 2 atmosphere. For passaging, confluent plates were washed once with medium, followed by a short trypsination with 0.005% trypsin EDTA.
Immunocytochemistry. Immunostainings were carried out 18-20 h after transfection. All steps were performed at RT, unless stated otherwise. Cells grown on poly(L-lysine)-coated coverslips were washed once with TBS [25 mM Tris/136 mM NaCl/2.6 mM KCl, pH 7.5] and fixed for 5 min in 2% (wt/vol) paraformaldehyde/ TBS. Cells were then washed twice for 10 min in TBS, permeabilized with 0.01% saponin in TBS for 10 min, and blocked in blocking buffer [TBS containing 2% (vol/vol) goat serum, 2% (wt/vol) BSA, 0.02% biotin, and 0.1% porcine skin gelatin] for at least 30 min. Primary antibodies diluted in blocking buffer were applied for at least 1 h at RT or overnight at 4°C. After three washes in TBS (10 min each), fluorochrome-conjugated secondary antibodies were applied for at least 45 min. After three washes with TBS (10 min each), cells were rinsed in distilled water and mounted in Aqua-Poly/Mount (Polysciences, Warrington, PA) on glass slides. Live staining of cells with antibody 3F4 was performed at 4°C on water/ice slurry (unless stated otherwise). Cells grown on poly(L-lysine)-coated coverslips (24-well plates) were washed once with ice-cold DMEM, and primary antibodies diluted in ice-cold DMEM were applied directly to cells for 10 min. Cells were washed twice with DPBS and fixed with 2% (wt/vol) paraformaldehyde for 10 min. Cells were shifted to RT during fixation. After two additional washes in DPBS, Cy3-conjugated secondary antibodies diluted in DMEM were applied for at least 30 min. Cells were washed twice in DPBS, rinsed in doubly distilled H 2 O (ddH 2 O), and mounted. Live staining of cells with antibody O10 was performed as previously described (15) .
